This paper presents an all-optical difference engine (AODE) sensor for detecting the defects in printed electronics produced with roll-to-roll processes. The sensor is based on the principle of coherent optical subtraction and is able to achieve high-speed inspection by minimising data post-processing. A self-comparison inspection strategy is introduced to allow defect detection by comparing the printed features and patterns that have the same nominal dimensions. In addition, potential applications of the AODE sensor in an on-the-fly pass-orreject production control scenario are presented. A prototype AODE sensor using a digital camera is developed and demonstrated by detecting defects on several industrial printed electrical circuitry samples. The camera can be easily replaced by a low-cost photodiode to realise high-speed all-optical information processing and inspection. The developed sensor is capable of inspecting areas of 4 mm width with a resolution of the order of several micrometres, and can be duplicated in parallel to inspect larger areas without significant cost.
Introduction
Roll-to-roll (R2R) printing processes are high-volume, highly-parallel manufacturing methods used to produce electronics on flexible substrates [1] . Printable materials are deposited over large flexible substrates to form thin electrical structures (or webs) [2] . Compared to conventional electronics printing methods, R2R printing operates at lowprocessing temperatures and utilises low-cost substrates, such as polymers, papers or fabrics. This manufacturing technique is capable of patterning printed electronic circuits with a typical resolution of tens of micrometres at several metres per minute web speed. Feasible applications for R2R printed electronics include wearable technology, medical devices, wiring backplanes for system integration and low-profile sensors involved in the Internet of Things. An example of a R2R printer is shown in Fig. 1 where a web of wiring backplane is being printed. As the number of functional units in a R2R printing run is typically high, a fast in-process method to verify the printing quality can be critical, especially in applications where subsequent process steps, such as assembly of surface mounted devices or lamination, are needed. Thus, guaranteeing the outcome of R2R manufacturing by defect inspection avoids malfunctioning devices and improves product reliability. Current in-process defect inspection methods used for R2R processes include mainly automated two-dimensional (2D) optical imaging techniques with data processing methods and three-dimensional (3D) scanning optical surface measurement techniques [3] [4] [5] . 2D optical images of the products are often captured by machine vision cameras and postprocessing mainly involves feature extraction and registration with the reference image [4] . Multiple cameras can be used in parallel to expand the vision system for inspecting large areas. However, the cost of multiple machine vision cameras is high. Potential 3D scanning optical surface measurements for R2R processes include optical coherence tomography (OCT) and wavelength scanning interferometry (WSI), which rely on interferometry using broadband sources or tunable lasers in the visible or infrared regions [6, 7] . OCT and WSI offer relatively high-speed, high-resolution and non-contact 3D measurement of surface features, and OCT also allows detection deep within materials. It has been shown recently that OCT can be used for monitoring some structural properties of moving screen printed interdigitated electrodes in a simulated R2R process for speeds up to 1 m/min [8] . However, these techniques are very expensive and generate very large data sets that are difficult to be handled for in-process defect inspection.
A potential solution to increasing inspection speed is to conduct information processing by optical means. Early attempts at optical data processing date from the nineteenth century, and brief histories of the development of this field can be found in several review papers [9] [10] [11] and books [12, 13] . It is worth mentioning that among the forerunners of optical processing, Zernike developed the Nobel Prize-winning phase contrast microscopy [14] . Optical data processing is based on the combination of the principles of communications and optical systems, e.g. Fourier analysis, as a mathematical tool that has been widely used in the study of communication systems. Using the Fourier transforming properties of a lens, the input function to an optical system can be decomposed into a linear combination of elementary functions. Under the assumption of linearity, the representations of optical systems and the relation between the inputs and outputs can be simplified, such that the imaging process can be considered as a linear filtering operation and the optical system can be characterised by its transfer function [13] . The transfer function may be modified by placing a spatial filter at the Fourier plane of the optical system, such that the desired data processing, e.g. the linear mathematical operations including addition, subtraction, differentiation, convolution and correlation, can be carried out optically [10, 11] . Typical applications of optical processing, realised by using spatial filters, are pattern recognition and signal detection [10, 11] . These optical processing systems are usually realised using coherent illumination, but can also be achieved with incoherent illumination [12, 15, 16] .
In this paper, we demonstrate a sensor, which is named the "all-optical difference engine" (AODE) here, to detect defects in printed electronics during R2R manufacturing processes. The working principle of the sensor is based on the theory of coherent optical subtraction and a self-comparison strategy. The development of a prototype AODE sensor using a digital camera is then discussed and demonstrated by inspecting defects in industrial printed electrical circuitry samples produced with two different R2R processes. The potential for using a photodiode as the detector and low-cost optical components for developing the sensor for high-speed pass-or-reject inspection is discussed.
Principle of AODE

Theory
The transmission functions of two objects can be compared optically through a technique called coherent optical subtraction. Assume two objects are positioned symmetrically about the optical axis in the front focal plane (x1, y1) of lens L1 (see Fig. 2 ) and are illuminated with a collimated laser beam. The separation between the two objects is 2d. The objects are defined by their transmittance functions as gA(x1 + d, y1) and gB(x1d, y1), respectively. The Fraunhofer diffraction pattern of the objects is found at the back focal plane (x2, y2) of L1, which gives the Fourier transforms of the objects' transmittance functions. According to the shift theorem we obtain the field as
where GA,B(x2, y2) = FT{ gA,B(x1, y1)}, λ is the illumination wavelength and f is the focal length of L1. Note that the spatial frequencies kX and kY are related to the spatial coordinates (x2, y2) by the scaling factor λf, i.e. X2
kxf   and Y2 k y f   . To implement the optical subtraction of the two objects along the x-direction, a onedimensional amplitude grating is used as the spatial filter, of which the transmittance function can be expressed as a cosine function for simplification of the mathematical derivation, as 22 22 1 ( ) 1 cos 2
where  is the grating period and  is the phase determined by the relative position of the grating on the x-axis. At the (x2, y2) plane, the Fourier transform of the object function is filtered only in the x-direction, such that the dependencies on y2 are ignored here. With the assumption of linearity, we obtain the field distribution in the x-direction as 
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If a photon-sensitive device is placed at the (x3, y3) plane, the detected intensity is determined by the difference of the objects' transmittance functions, and can be defined as
Note that the other four terms in Eq. (4) are omitted because the images are not captured by the detector due to the offsets ± d and ± 2d in space. 
Inspection strategy
Defect detection by AODE requires a nominal object as the reference. This creates difficulties for in-process inspection, such as maintaining precise alignment between the reference and the test object while the test object may be moving at speeds of up to several metres per minute. However, the patterns produced in R2R processes, such as printed circuitries, are often continuous and/or repetitive, giving rise to the possibility of self-comparison using either a different part of the feature itself, or using a nearby repetitive feature, as the reference. Two options for self-comparison using test sample 3 as an example are illustrated in Fig. 3 . The misalignment defect can be detected by comparing with the neighbouring circuit (option 1) or another portion of the same circuit printed a few seconds earlier or later (option 2). Self-comparison eliminates the need for an additional reference object and hence any addition or modification to the R2R hardware required for aligning the reference to the inspected product. Measurement accuracy is also improved by eliminating errors due to unsynchronised motion between the two objects. In a mature production line situation, where the location and nature of the defects have been well characterised, the goal of quality control shifts from detailed defect geometry analysis to making pass-or-reject decisions on-the-fly for high-volume production, based on an acceptable defect size. Such a task can be performed at high speed by capturing the optical difference using a photodiode rather than a camera. Since the number of photons passed by the AODE to the photodiode is proportional to the size of the defect, a threshold can be set to reject products with a larger defect than is acceptable. A consumer-grade photodiode with kilohertz level sampling speed is more than capable of in-process inspection for R2R processes with a web speed of several metres per minute.
Experiment
Test samples
Test samples 1 and 2, as shown in Fig. 4 , were R2R manufactured by the flexographic printing method. In this continuous process, the printed circuitry was formed as a relief on the surface of a soft printing plate and consequently transferred onto the substrate. The two samples involved were single conductors printed on a 125 μm thick Melinex ST506 PET film with water-based, heat-curable silver nanoparticle ink PFI-722 from Novacentrix. To demonstrate the capability of the developed inspection system, both samples included artificial manufacturing defects to mimic possible ink transfer failures on the printing plate. The defect on test sample 1 is an incomplete conducting pad, with material missing from a square of 2 mm nominal dimension. Test sample 2 includes a conducting line of 125 μm nominal width that is missing material for a length of approximately 2 mm. Test sample 3, as shown in Fig. 5 , is a real application including printed wirings to provide power signals for surface mounted light emitting diodes (LEDs). It was R2R printed by the rotary screen printing method, where the printed patterns were fabricated by squeezing the inks through a screen on the substrate as a non-stop process. The materials used in this sample were heat-treatable Asahi LS-411AW polymer thick film paste, containing microsized silver particles, UV-curable Electrodag PF-455 insulator material to form the crossovers, and a 125 μm thick Melinex ST506 PET film as the substrate. As depicted in Fig. 5 , the printed multilayer structures contained real manufacturing defects due to the misalignment of overlapping conductors. The misalignment width is approximately 0.75 mm. The illustrated defect is typical of multilayer layouts when the separate printing layers are not properly aligned. Such systematic manufacturing defects may lead to electrical failures, system non-functionality and poor product quality. 
Experimental setup
Based on the principle explained in section 2, a prototype AODE sensor was developed using off-the-shelf products. The setup of the developed prototype is shown in Fig. 6 . The setup includes three parts: illumination, samples and AODE sensor. Illumination is provided by a helium-neon laser (nominal wavelength 633 nm) output with a single mode fibre (core diameter < 10 μm). The collimated beam reaches a diameter of 50 mm after the collimation lens (400 mm focal length). The expanded and collimated laser beam then illuminates the reference and the test object, both positioned by a sample holder. The sample holder was designed and additively manufactured to allow sliding motion of the objects in order to mimic in-process inspection during R2R processes, and to feature two rectangular hollow windows that determine the detection field of view (FOV) as the red squares shown in Fig. 3 . The dimensions and positions of the two windows are adjustable in order to accommodate for a wide range of object dimensions and offset distances as described in Eq. (4) . Light that passes through the apertures and the two objects is collected by the AODE sensor. The purpose of the two apertures is to limit illumination within the region of interest and avoid interference from higher order diffraction images of neighbouring features.
The AODE sensor consists of a 4f imaging system (75 mm focal length) and a Ronchi grating which is used as an amplitude grating (5 μm period) at the back focal plane of the Fourier transforming lens. The grating position can be adjusted with a two-axis translation stage to optimise the phase ( 2
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as explained in the section 2.1) and the focus condition by transversal and axial translations, respectively. A CMOS camera (1280 × 1024 pixels) is used to receive the optical difference image (similar to the schema shown in Fig. 2) . Specifications of the key optical components in the prototype are listed in Table 1 . 
Results and discussion
The captured defect (incomplete pad) in test sample 1 is shown Fig. 7 . The reference and object images are illustrated in Fig. 7(a) , along with the expected difference image. Black areas in the reference and object images indicate the presence of optical obstacles (i.e. ink), while white areas indicate optical transparency (i.e. clear substrate). Any defect will appear bright in the resulting difference image. The difference image captured by the CMOS camera, as shown in Fig. 7(b) , shows the detected defect. The pores observed in the difference image indicate the presence of dust particles on the transparent substrate. For comparison, Fig. 7(c) shows another difference image captured when inspecting a high-quality feature without discernible defects. A simple threshold can be set at, e.g. 15% of the detector's saturation value, in order to saturate the pixels that receive an intensity higher than the threshold, thus separating defects from the background as shown in Fig. 7(d) and Fig. 7 (e). After applying the threshold, the saturated areas with respect to the FOV correlate to the dimension of the defect. The saturated areas in Fig. 7(d) and Fig. 7 (e) are 39.8% and 0.7%, respectively. The thresholding can be easily applied to the system which uses a photodiode as the detector, and the processing time of the thresholding should be negligible. If the quality of the print is within tolerance, the defects found in Fig. 7 (e) can be considered as detection noise. The ability of the AODE sensor to detect defects can be characterised by the defect-to-noise ratio defined as the ratio between the saturated areas in Fig. 7(d) and Fig. 7(e) , which is 56.6 for this specific defect. Note that the ratio should be much larger than unity in order to make a valid inspection decision. The captured defect in test sample 2 is shown in Fig. 8 , which is expected to be a thin line with approximately 125 μm width and 2 mm length. The rugged shape of the two ends of the detected defect in Fig. 8(d) indicates that the conducting lines were not sharply cut, which is likely a characteristic of the ink transfer process. The saturated areas with respect to the FOV in Fig. 8(d) and Fig. 8 (e) are 5.1% and 0.1%, respectively, resulting in a defect-to-noise ratio of 74.8. Features down to 10 μm in size can be clearly resolved. The captured misalignment defect in test sample 3 is shown in Fig. 9 . The defect, which registers as a sharp increase or decrease in the width of the conducting line, appears in the form of a rectangular bar. It is also observed that dust particles on the sample substrate have contributed to noise in the difference image, resulting in bright speckles outside the defect area and dark spots inside the defect area. The saturated areas with respect to the FOV in Fig. 9(d) and Fig. 9 (e) are 5.4% and 0.2%, respectively, resulting in a defect-to-noise ratio of 25.5. Three types of misalignment can affect the detection capability of the AODE. Rotational misalignment will cause one object to appear at a different vertical position (corresponding to the y axis) in the image than the other, resulting in false detection of defects. This can be avoided by aligning the sensor with the substrate web during installation. Translational misalignment will cause the both objects to be offset by a distance, which does not affect detection as long as the objects remain in the FOV. Both the rotational and translational movements of the objects during the manufacturing process are well within tolerable limits. The third type of misalignment is caused by the mismatch of the physical separation between the two features under comparison and the parameters of the AODE sensor, including wavelength, focal length of the Fourier transforming lens and the grating period, i.e.
df  
. The separation can be matched again by adjusting the grating period using, e.g. a chirped grating, or by adjusting the illumination wavelength using a tunable laser.
We have also used polydimethylsiloxane (PDMS) gratings replicated from master silicon gratings [17] to achieve the optical subtraction effect; although this grating cannot be considered as an amplitude grating that is assumed in the theoretical derivation. With such a grating, the image sharpness is not as good as with a thin amplitude grating, likely due to the large thickness of the PDMS and the glass substrate. However, this type of grating has the advantage of being cost-effective.
In this study, a digital camera was used to record the difference image in order to evaluate and illustrate the performance of the AODE sensor. As discussed in section 2.2, decisions on process control are often reduced to a simple criterion of whether the size of the defect is acceptable. In such cases, a photodiode can be used to replace the camera as the detector and achieve determination of defect dimension at higher speed and lower cost. The voltage of the photodiode is expected to be proportional to defect size. Several objects with defects of various dimensions have been inspected using both the camera and a photodiode as the detector. The voltage of the photodiode (Texas Instrument, OPT101), sampled by a 10-bit analogue-to-digital converter onboard an Arduino Uno microcontroller, was found to correlate very well with the sum of the pixel intensity of the camera images. The high sampling speed of the photodiode is critical to reducing motion blur when determining defect dimensions, thus enabling in-process pass-or-reject inspection. The cost of a photodiode is also significantly lower than a CMOS sensor, which is highly desirable, especially when building parallel systems for inspection of larger areas. The cost of the light source in the parallel inspection systems can also be reduced by using a fibre optic coupler with multiple output ports to illuminate multiple areas.
Conclusion
This work has demonstrated an all-optical difference engine sensor for detecting defects in printed electronics during roll-to-roll manufacturing processes. The sensor is based on the principle of coherent optical subtraction, which can be performed at high speed because the data post-processing at the software level is virtually eliminated. A prototype was developed with off-the-shelf components and a digital camera. The capability of the developed sensor was demonstrated by inspecting defects on industrial printed electrical circuitry samples and it was found to be able to detect defects down to micrometre level over a field of several millimetres. The self-comparison strategy also eliminates the need for a physical reference object to be added in the inspection system and improves the flexibility of the system. Lastly, the use of low-cost gratings, fibre optic illumination and photodiodes and microcontrollers for detection makes it technically and economically more feasible to build parallel inspection systems for the in-process pass-or-reject inspection of industrial R2R processes.
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